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Fig. S1. Conﬁrmation of embryo viability under imaging conditions. To conﬁrm reliability of the identiﬁcation of cell fate in cell-tracking analysis, we in-
vestigated the number of cells in the inner cell mass (ICM) in freshly ﬂushed blastocysts at the equivalent developmental stage. (A) Numbers of primitive
endoderm cells (PE) and epiblast cells (EPI) from tracked embryos at the end of the imaging session are comparable to numbers of PE/EPI from freshly ﬂushed
embryos (Upper), as veriﬁed by Sox17 and Nanog immunostaining respectively (Lower). (B) To check whether the imaged embryos were viable, CAG::GFP-GPI
embryos imaged from eight-cell to late blastocyst were transferred to pseudopregnant females. Six of the seven transferred blastocysts developed to term,
conﬁrming viability of the imaged embryos.
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Fig. S2. (A–E) Lineage trees for the 20 embryos analyzed in this study (13 embryos from the eight-cell stage, six embryos from the 16-cell stage, and one
embryo from the 32-cell stage). PE is marked in red; EPI in blue, apoptosis in yellow, and trophectoderm in black. First and second waves of asymmetric division
are indicated in the key. The four cells (of 509 in total) that could not be tracked conﬁdently because of movement out of the focal plane are marked “x”. Cell
position was identiﬁed by several criteria: orientation of cell division upon generation of inside cells, enclosure from outside environment by neighboring cells,
and continued analysis of position in later time-points. (F) Summary of ﬁnal cell numbers.
Summary of ﬁnal cell numbers
Embryo PE EPI Apoptosis
1 10 6 9
2 10 8 4
3 8 10 10
4 14 5 11
5 11 8 12
6 15 5 7
7 12 6 3
8 12 9 6
9 13 12 2
10 10 7 5
11 6 6 10
12 10 5 0
13 11 11 1
14 10 10 7
15 8 7 4
16 8 10 11
17 10 8 6
18 14 7 9
19 11 7 7
20 12 11 8
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B Examples of asymmetric divisions from waves 1, 2 and 3
19 embryos analysed here as embryo 20 only filmed from 32-cell stage and so could not contribute to all analyses
Fig. S3. Successive waves of asymmetric division and their contribution to viable ICM lineages. (A) Proportions of the ﬁnal ICM population generated in each
successive wave. (B) Examples of asymmetric division in waves 1, 2, and 3. (C) Summary of data from Fig. 2 A–C for each embryo analyzed from the 8- to16-cell
stage onward. (D) Percentages of ﬁnal cell populations of PE that arise from wave 2 and 3 and of EPI that arise from wave 1 for all embryos analyzed. Only
viable cells (those that did not undergo apoptosis) are considered in this analysis.
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Fig. S4. Cell movement, bipotency, and apoptosis. (A) Cumulative representation of mitosis, ICM cell number, apoptosis, and compartment (position) change
from the eight-cell stage to the late blastocyst stage. Cell number is marked by vertical dashed lines. Rounds of cleavage are marked: *a, fourth round; *b, ﬁfth
round; *c, sixth round; and *d, seventh round. The middle of the seventh wave of division is regarded as E4.5 in terms of cell numbers and morphology.
Apoptosis and position change commence shortly after cavitation and slow rapidly before round 7 of cell division. Examples of ICM surface (B) and deep (C) cell
(viable) dynamics: Cell position (yellow asterisk) was monitored from early to late blastocyst stages. (D) Directionality of ICM cell movements. Analysis of all
viable ICM cell movements shows that ∼28% of the surface population moves to the deep compartment, whereas a signiﬁcantly higher proportion of the deep
population (>44%, P < 0.05, t test) moves to the surface compartment. Most of this movement is associated with ”inappropriate” positioning as deﬁned by the
wave of origin (89% and 83%, represented by blue and red bars, respectively). n = 19 embryos, because analysis of one embryo started at the 32-cell stage. (E)
Dynamics of the total ICM population indicating the proportions of cells that change compartments. (F) Generation of inside cells by wave 2 and cavity
formation appear to be linked events. In 7 of the 20 embryos, one or two transient cavities formed before a single major cavity came to predominate. The
Legend continued on following page
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majority of cells associated with such transient cavities (86%,18/21 cells) relocated to the main PE layer as these cavities regressed. This ﬁnding suggests either
that cells adjacent to transient cavities acquire PE characteristics or that cells with PE characteristics facilitate cavity formation. Nearly all such cells were
generated by wave 2, suggesting the latter possibility is more likely. In either case, PE progenitors adjacent to the transient cavities sort and join similar cells
adjacent to the main cavity. An association with a transient cavity was not, however, a prerequisite for a cell to move from deep to surface ICM. DIC, dif-
ferential interference contrast. (G) Most cell repositioning (75.5%, n = 54 viable cells, 20 embryos) occurred by direct movement, and the remainder occurred by
oriented cell divisions. Typically, both daughters of surface cells remained in the surface layer or one daughter was segregated into the deeper ICM. (H) History
of bipotent cells. Most bipotent cells arise from ﬁrst-wave mothers in an early surface position. n = 17 embryos, because two embryos did not demonstrate
bipotency and analysis of one embryo started at the 32-cell stage. (I) Proportions of bipotent cells arising from an initial surface population by either movement
or asymmetric division. (J) The majority of apoptotic cells (almost 60%, P < 0.05, t test, n = 132 apoptotic cells, total number of embryos = 19 because one
embryo did not demonstrate apoptosis) die in the deep compartment. (K) Distribution of apoptotic cells among the descendants of cells internalized in either
wave 1 or wave 2 of asymmetric divisions depending on whether they were allocated to deep or surface layers and whether they underwent relocation; n = 18
embryos because one embryo did not demonstrate apoptosis and analysis of one embryo started at the 32-cell stage.
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Fig. S5. Conﬁrmation of Gata6 overexpression. (A) Gata6 immunostaining in an eight-cell embryo injected with Gata6mRNA into one blastomere at the two-
cell stage, with TomatomRNA to mark injected cell progeny. Overexpression of Gata6 increases its levels as veriﬁed by Gata6 immunostaining. (B) Cells injected
with dominant negative Gata6 (GDN) localize deep within the ICM in 74.8% of cases (P < 0.001, t test, n = 64 cells, 21 embryos), relative to injection of Tomato
mRNA alone (46% of injected cells localize deep within the ICM). Overexpression of Gata6 in eight-cell blastomeres does not alter the distribution of cells
within the ICM.
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Fig. S6. Coexpression of Sox17 with PE markers. (A) Microarray data from staged embryos taken fromWang et al. (1). Sox17 and other endoderm markers are
markedly increasedat around the16-cell to early blastocyst stage,when thePE is just beginning tobe formed. For eachgene thepeakexpression is set at 100%, and
the other expression levels are represented accordingly. (B) Coexpression of Sox17 (green) and laminin (red) is revealedby immunostaining at the indicated stages.
Hoechst-stained nuclei are blue. (C) Coexpression of Gata4 and laminin revealed by immunostaining at E3.5 and E4.5. Gata4 is red; Sox17 is green; Hoechst-stained
nuclei are blue. (D) Because PdgfrαmRNAstarts to beup-regulated from the16-cell stage, as is Sox17, wehoped that this linemight enablemonitoringof theonset
of EGFP expression in relation to the division waves and Sox17. However, we found that EGFP was expressed in a much broader population of cells than Sox17 or
endogenous Pdgfrα, and therefore this line was not suitable for this purpose. (E) Co-localisation of Gata6 and Sox17 at E3.75.
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Fig. S7. Cdx2 expression levels in relation to wave of asymmetric division. Random eight-cell blastomeres injected with GFPmRNA were monitored for ﬁrst or
second wave of asymmetric division (as in Fig. 4C) and imaged until E3.25. (A) Embryos with progeny veriﬁed from a speciﬁc wave were immunostained for
Cdx2. Inside cells expressing GFP are marked with white arrowheads. (B) Quantiﬁcation of Cdx2 levels in inside cells, relative to cells veriﬁed from a speciﬁc
wave of asymmetric division. Intensities are expressed as a percentage of maximum expression for each embryo. The highest levels of Cdx2 expression in inside
cells are detected in cells derived from the second wave rather than from the ﬁrst wave of asymmetric division.
1. Wang QT, et al. (2004) A genome-wide study of gene activity reveals developmental signaling pathways in the preimplantation mouse embryo. Dev Cell 6:133–144.
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Fig. S8. Conﬁrmation of Sox17 overexpression and cell behavior in injected embryos. (A) To conﬁrm knockdown of Sox17 protein levels, siRNA against Sox17
was injected with Tomato mRNA into both cells of the two-cell embryo. Knockdown of Sox17 is conﬁrmed by immunostaining for Sox17 in the blastocyst. (B)
Gata4 immunostaining in an embryo injected with Sox17 siRNA. Injected cells are located deep and do not express Gata4. (C) Sox17 immunostaining in an
eight-cell embryo injected with Sox17mRNA into one blastomere of an embryo at the two-cell stage. Overexpression of Sox17 increases its levels as veriﬁed by
Sox17 immunostaining shown here. (D) Comparison of cell-cycle length (16–32 cells) in uninjected vs. injected cells. Injection of Tomato mRNA, alone or with
Sox17 siRNA, Sox17, Sox17+Gata6, or GDN, does not signiﬁcantly alter cell-cycle length beyond the average variability (3 h), as shown by the blue shading. (E)
Comparison of apoptosis rates in uninjected vs. injected cells. Injection of Tomato mRNA, alone or with Sox17 siRNA, Sox17, Sox17+Gata6, or GDN, does not
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signiﬁcantly alter rate of apoptosis. (F) Comparison of EPI and PE numbers in uninjected vs. injected cells. Injection of Tomato mRNA, alone or with Sox17
siRNA, Sox17, or GDN, does not signiﬁcantly alter cell numbers within the ICM. In contrast, overexpression of Sox17 and Gata6 together signiﬁcantly increases
the PE population (P < 0.05, t test). (G) Sox17 immunostaining in a late blastocyst mosaic for cells injected with Sox17 siRNA + Tomato mRNA. Injected cells
occupy the epiblast, with PE expressing normal levels of Sox17. The white arrowhead indicates debris from an apoptosed cell. (H) Sox17 immunostaining of late
blastocyst mosaic for cells injected with Sox17+Tomato mRNA. In the cell indicated by an arrow, Sox17 is localized to the nucleus in the overexpressing cell,
which has not contributed to the PE layer. (I) Time-lapse imaging of live cells injected with TomatomRNA and Sox17 siRNA. (Left) An example of an injected cell
originally positioned at the surface moving to occupy the deep compartment. (Center) Time-lapse imaging of live cells injected with Tomato mRNA and Sox17
+Gata6: an example of an injected cell originally positioned at the surface maintaining position to contribute to PE. (Right) Time-lapse imaging of live cells
injected with Tomato mRNA and GDN: an example of an injected cell originally positioned at the surface apoptosing. (J) Summary of ICM cell behavior from
time-lapse imaging of cells injected with Sox17 siRNA, Sox17+Gata6 mRNA, and GDN mRNA.
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Fig. S9. Summary of statistics based on the total number of cells from each analysis in this study. (A) Linear regression analysis of the relationship between the
number of wave 1 cells and EPI derived from wave 1 cells. There is a highly signiﬁcant (R2 = 0.6021, P < 0.001, F test) correlation between the number of wave 1
cells and the proportion of epiblast derived from wave 1. This analysis demonstrates that, in embryos with a smaller population of wave 1 internalized cells, the
majority of the epiblast is derived from these cells. In embryos in which the ICM is built mainly from wave 1 cells, these cells also must generate PE; hence, the
proportion of epiblast derived from wave 1 is lower in these examples. (B) Total cell numbers from Fig. 2, Fig. 3, Fig. 4, and Fig. 5 of the main text. In Fig. 2, χ2
contingency analysis shows that signiﬁcantly more EPI is generated from wave 1 than from wave 2 (P < 0.001). Signiﬁcantly more PE is generated from wave 2
than from wave 1 (P < 0.001). P values are calculated from χ2 analysis for cell numbers taken from each dataset in Fig. 3, Fig. 4, and Fig. 5. *, P < 0.05; **, P <
0.01; ***, P < 0.001.
Morris et al. www.pnas.org/cgi/content/short/0915063107 12 of 15
Movie S1. Time-lapse imaging from the eight-cell stage to late blastocyst. The ﬁrst part of the movie demonstrates live imaging from eight cells to the late
blastocyst. (Left) Central z-plane, images taken every 15 min). (Right) Three-dimensional representation of the corresponding cell tracks using Simi Biocell
software: trophectoderm or as yet undeﬁned lineages (gray spheres), epiblast (blue spheres), PE (red spheres), cells destined to apoptose (yellow spheres),
bipotent cells (purple spheres). The second part of the movie shows the live imaging reversed in time to observe cell origins. In this representative embryo
almost 90% of EPI is derived from wave 1 and >90% of PE is derived from wave 2.
Movie S1
Movie S2. Details of ﬁrst- and second-wave asymmetric divisions obtained from time-lapse imaging.
Movie S2
Movie S3. Third wave of asymmetric division. Upper z-plane images taken every 15 min show an embryo in the transition from the 32-cell stage to the 64-cell
stage. The initial outside cell (marked with an asterisk) undergoes an asymmetric division at 32:15:00. Visualization of the underlying z-stacks shows the inside
cell (marked with double asterisks) produced by the asymmetric division; then this cell is followed for several frames.
Movie S3
Morris et al. www.pnas.org/cgi/content/short/0915063107 13 of 15
Movie S4. Tracking of a single cell from the eight-cell stage to late blastocyst. Detail from Movie S1 in which a single cell is marked as traced (blue asterisk). In
this example, the tracked cell is derived from a ﬁrst-wave asymmetric division and contributes to epiblast. Other daughters were not tracked because of their
location within upper or lower z-planes.
Movie S4
Movie S5. Time-lapse imaging of a second-wave progenitor marked with GFP, as an alternative to tracking all cell in the embryo. One cell in an embryo at the
eight-cell stage was injected with GFP, and its progeny were traced to the late blastocyst stage. In this representative example, ﬁlming begins shortly after the
injected cell has divided symmetrically in the transition from the eight-cell stage to the 16-cell stage, generating two outside cells. The tracked cell is outlined in
green and divides asymmetrically at the transition from the 16-cell stage to 32-cell stage (second wave of asymmetric division). The outside cells (outlined in
green) contribute to trophectoderm. The inside cell initially in a surface position (outlined in red) divides again to generate one surface daughter (red) and one
deep daughter (blue). The incorrectly positioned deep cell undergoes apoptosis, whereas the correctly positioned surface cell remains at the surface and divides
again at the late blastocyst stage.
Movie S5
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Movie S6. Example of an asymmetric division resulting in bipotency. Central z-plane, images taken every 15 min show an embryo in the transition from the
32-cell stage to the 64-cell stage. The mother cell (marked with an asterisk) initially at the ICM surface divides asymmetrically to produce a surface daughter cell
and a deep daughter cell that ultimately will occupy the PE and epiblast layers, respectively.
Movie S6
Movie S7. Example of apoptosis in the ICM. Central z-plane images were taken every 15 min. The cell marked with an asterisk will apoptose.
Movie S7
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